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We report characterization of electromagnetically induced transparency (EIT) resonances in the D1 line of
87Rb under various experimental conditions. The dependence of the EIT linewidth on the power of the pump
field was investigated, at various temperatures, for the ground states of the lambda-system associated with
different hyperfine levels of the atomic 5S1/2 state as well as magnetic sublevels of the same hyperfine level.
Strictly linear behavior was observed in all cases. A theoretical analysis of our results shows that dephasing in
the ground state is the main source of decoherence, with population exchange playing a minor role. c© 2018
Optical Society of America
Introduction. Since the discovery of
electromagnetically-induced transparency (EIT) in
the early nineties,1 this phenomenon has received signi-
ficant attention due to its vast range of applications, in
particular in quantum computation and quantum com-
munication.2, 3 They include storage of quantum states
of light,4–6 logic gates,7 magnetometry,8 and routing of
optical information.9 Many of these applications require
thorough understanding of the phenomena responsible
for the width of EIT resonances, in particular of the
relevant decoherence processes.
Decoherence in EIT is caused by several mechanisms,
such as flight-through broadening, population exchange,
atom-atom and atom-wall collisions, etc., but it is still
not clear which one is the most significant. Insight into
this question can be gained by measuring the width of
the EIT resonance as a function of the pump field in-
tensity. Most existing experiments in atomic vapors10–13
showed this dependence to be linear, with an exception
of the work by Ye and Zibrov14 (which was performed in
unusual conditions, without buffer gas and with a very
small beam diameter). On the other hand, an existing
theoretical treatment,15, 16 assuming the population ex-
change between the ground levels |b〉 and |c〉 [Fig. 1(a)] to
be the main source of decoherence, predicts a non-linear
dependence for weak pump powers.
In the present work, we measured the width of the
EIT resonances on the D1 transition in rubidium vapor
in a variety of settings. Our results show a consistent
linear behavior with the y-axis intercepts on the order
of a few kilohertz. Based on these results, we propose
an alternative theory based on pure dephasing (i.e. de-
cay of the off-diagonal density matrix elements) as the
dominant decoherence mechanism. This treatment does
predict linear dependencies, yielding much better fits to
our data. From the fits, we also obtain the ground states’
decoherence rates on the scale of a few kHz, which are
consistent with independent verifications.
Experimental setup. The experiments were per-
formed in atomic 87Rb vapor at temperatures 60–100◦C,
which correspond to the optically thick regime, using two
Λ energy level configurations. The first one was formed
by one of the hyperfine sublevels of the 5P1/2 state and
two hyperfine sublevels of the 5S1/2 state. In the sec-
ond one, the ground states were represented by different
magnetic sublevels of the same hyperfine level. We refer
to these settings as “hyperfine” and “Zeeman”, respec-
tively.
In the Zeeman setup, the pump and signal fields of
wavelength λ = 795 nm couple pairs of Zeeman sub-
levels of the atomic ground state (5S1/2, F = 2) via the
excited state (5P1/2, F
′ = 2). The light source is a Co-
herent MBR-110 Ti:Saphire laser with a narrow spectral
width (∼ 100kHz) and high long-term stability. Rela-
tive frequencies of both fields were precisely controlled
by acousto-optical modulators. After modulation, both
fields were recombined in a polarizing beam splitter, con-
verted to orthogonal, circular polarizations by means of
a quarter wave plate and directed into a 5-cm long rubid-
Fig. 1. (a) The relevant atomic level structure. The excited
state |a〉 is coupled to two ground states |b〉, |c〉 by a weak
signal field with Rabi frequency Ωb and detuning δ and a
stronger driving field with Rabi frequency Ωc and detun-
ing ∆. Γb and Γc are rates of spontaneous emission into the
respective states |b〉 and |c〉 whereas γbc describes the decay
rate of coherences between these states. (b) Measured width
of the Zeeman configuration EIT resonances as a function
of the pump laser power for different temperatures together
with linear fits and a fit to the theory of Javan et al.,15, 16 as-
suming a decoherence rate of γbc =110 Hz. The inset shows
an example of the measured EIT resonance.
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ium vapor cell with 1 Torr neon buffer gas, located inside
a magnetically isolated oven. The measured diameter of
the beam just before the cell was ∼ 10 mm. After the
cell, the linear polarization was recovered and the signal
field detected.
In the hyperfine configuration, the signal field
was obtained from an additional diode laser that
was phase locked, at 6.8 GHz, to the Ti:Sapphire
laser to ensure a two-photon resonance with the
(|b〉 = ∣∣5S1/2, F = 1〉 , |a〉 = ∣∣5P1/2, F = 2〉 , |c〉 =∣∣5S1/2, F = 2〉) transition. In this setting, we used lin-
ear polarizations for the pump and signal.
To measure the full width half maximum (FWHM) of
the EIT resonance, we swept the signal field frequency. A
typical scan is depicted in the inset of Fig. 1(b) and ap-
proximates a Lorentzian distribution. The pump power
was varied from 100 µW to 1.2 mW (Ωc ∼ 1-3 MHz)
while the signal power was kept constant at about 20
µW (Ωb ∼ 500 kHz).
Fig. 1(b) shows the results of the Zeeman measure-
ment. The behavior is linear, temperature independent,
and shows a y-intercept of 3 kHz. Similar measurements
were performed in a 10-Torr Ne buffer gas cell (not de-
picted), showing a similar behavior and a slightly differ-
ent y-intercept.
Experimental results for the hyperfine configurations
are presented in Fig. 2. Similarly, a linear behavior is ob-
served but the slope and the zero crossing do depend on
temperature. Additional measurements were done with
a 0.1-Torr cell (not depicted), showing a similar trend.
Both figures also display the best fit obtained using
the theory of Javan et al.15, 16 These fits do not follow
well the experimentally observed data and yield unrealis-
tically low values for the decoherence rates: 110 Hz and
117 Hz, respectively. We conclude that the population
exchange cannot be the dominant decoherence mecha-
nism in our cells.
Theory. Motivated by this discrepancy, we developed
an alternative theory assuming that the ground state
decoherence is dominated by dephasing, i.e. decay of
the off-diagonal density matrix element ρbc at a rate
γbc. With this assumption, and the notation defined in
Fig. 1(a), we first determine the stationary density ma-
trix of a single atom. Without the signal field, it is just
ρ(0) = |b〉〈b|: all atoms are pumped into the |b〉 state.
In the first (linear) order with respect to the signal, one
obtains a well-known expression17
ρ
(1)
ab = Ωb
1
∆− δ2 + |Ωc|2iγbc+δ2 − iΓ2
, (1)
where Γ = Γb + Γc is the inverse lifetime of the excited
state and δ2 = ∆− δ is the two-photon detuning.
Atoms in a hot gas atoms “see” the light fields Doppler
shifted according to their momentary momentum. In our
experiment, both fields are co-propagating, and because
their optical frequencies are similar, they experience a
similar Doppler shift: the two-photon detuning δ2 is al-
most independent of the individual atoms’ motion while
the pump field detuning ∆ is not.
Assuming that the pump field is tuned to the center
of the Doppler-broadened line, averaging expression (1)
over all atoms weighted by their velocity distribution
p(∆) = p(2piv/λ) gives the susceptibility for the signal
field
χb =
℘
Ωb
∫
p(∆) ρab d∆, with℘ =
ND2ab
h¯ε0
, (2)
where N is the atomic density, Dab the dipole moment of
the |a〉 ↔ |b〉 transition, ε0 is the free space permittivity
and
p(∆) =
√
ln 2
Wd
√
pi
e
− ln 2
(
∆
W
d
)
2
, (3)
with 2Wd = (4pi/λ)
√
2 ln 2kBT/mRb ≈ 0.55 GHz being
the FWHM of the Doppler-broadened line.
To simplify our calculations, we approximate the
Gaussian Boltzmann distribution by a Lorentzian of the
same width and maximum:
pLorentz(∆) =
√
ln 2
Wd
√
pi
1
1 +
(
∆
Wd
)2 . (4)
Eq. (4) approximates the Gaussian distribution reason-
ably well for small ∆; it differs only in its wings, which
correspond to high-velocity atoms that see both fields
far detuned and thus interact only weakly. Performing
the integration (2) in this approximation, we find the
average susceptibility for the Ωb field:
χb = 2℘
√
pi ln 2
iγbc + δ2
(γbc − iδ2)(Γ + 2Wd − 2iδ2) + 2|Ωc|2 .
(5)
]
Fig. 2. Dependence of the EIT linewidth on the pump power
for the hyperfine configuration. The lines are linear fits to
the measured data. The first inset shows a fit of the popu-
lation exchange theory15 to the data acquired at T=80◦C,
with γbc =117 Hz. The second inset shows the temperature
dependence of the experimentally determined slopes together
with a theoretical estimate.
2
The EIT linewidth is several orders of magnitude
smaller than the Doppler width 2Wd, hence we can drop
the 2iδ2 term in the denominator. The (intensity) ab-
sorption coefficient α is then of Lorentzian form
α(δ2) =
ω
c
Im(χb) = αmax − αmax − αmin
1 +
(
2δ2
FWHM
)2 (6)
with
αmax = 2
ω℘
c
√
pi ln 2
1
2Wd + Γ
, (7)
αmin = 2
ω℘
c
√
pi ln 2
1
2Wd + Γ + 2
|Ωc|2
γbc
, (8)
FWHM = 2γbc +
4|Ωc|2
2Wd + Γ
. (9)
Since |Ωc|2 is proportional to the beam intensity, the
EIT linewidth scales linearly with the pump power and
intersects the y-axis at a minimum of 2γbc.
Discussion. As evident from Figs. 1 and 2, linear de-
pendence (9) provides an excellent fit to our experimen-
tal data. The y-axis intercept is twice the ground state
decoherence rate, which can be measured independently,
e.g., by means of light storage.4 With our setup, storage
times of 100-250 µs were observed, which is in reasonable
agreement with the measured intercepts.
We note that the population exchange theory15, 16 pre-
dicts that at high pump intensity, the dependence of the
EIT linewidth on the pump power approaches linear,
FWHM→ 4γpeWd
Γ
+
2|Ωc|2
Wd
, (10)
γpe being the population exchange rate. This asymp-
totic dependence has the slope similar to that in Eq.
(9), but its intercept, for γpe ∼ γbc, is higher by a factor
of ∼ 180. Therefore, even a minute population exchange
rate would have a significant effect on the dependen-
cies studied. Our experimental results thus show that
the fraction of population exchange mechanism in the
ground state decoherence is indeed minor. We can esti-
mate γpe to be below 50 Hz.
Decoherence in atomic vapor cells is known to be dom-
inated by the flight-through mechanism. The atoms ar-
rive into the interaction area in an arbitrary ground
state, so one would expect at least some signature of
population exchange decoherence, and it is surprising
that none is present. We explain this by the geometry
of the laser beams, which was close to Gaussian. Be-
fore entering the interaction area, an atom, initially in
a random ground state, propagates through the “wings”
of the Gaussian profile. In this region, the signal field
is negligible, but the pump field is already sufficiently
strong to pump the atom out of |c〉. When entering the
central part of the interaction region, most of the atoms
will be in state |b〉, albeit with a random phase.
The temperature dependence of the slope in the hyper-
fine configuration can be explained by absorption of the
pump laser by the saturated rubidium vapor. We quanti-
fied this effect by integrating Eq. (5) numerically over the
length of the cell, assuming that the pump absorption is
governed by Beer’s law. The temperature dependence of
the slope derived by this procedure (Fig. 2, second inset)
was compared to the measured slopes. The best fit was
obtained for the 12-mm beam diameter, which agrees
well with our measured diameter of 10 mm. In the Zee-
man configuration, the pump absorption was negligible
at all temperatures, which explains a constant slope.
Conclusions. We have experimentally observed the
behavior of the width of an EIT resonance as a func-
tion of the pump power in different Λ configurations and
temperatures. Consistently linear behavior was observed
and explained theoretically with an assumption that the
main ground state decoherence mechanism is dephasing.
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